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SignalingIn the mitogen activated protein kinase (MAPK) cascades of budding yeast, the scaffold protein Ste5 is recruited
to the plasma membrane to transmit pheromone induced signal. A region or domain of Ste5 i.e. residues P44-
R67, referred here as Ste5PM24, has been known to be involved in direct interactions with the membrane. In
order to gain structural insights into membrane interactions of Ste5, here, we have investigated structures and
interactions of two synthetic peptide fragments of Ste5, Ste5PM24, and a hyperactive mutant, Ste5PM24LM,
by NMR, ITC, and ﬂuorescence spectroscopy, with lipidmembranes. We observed that Ste5PM24 predominantly
interacted only with the anionic lipid vesicles. By contrast, Ste5PM24LM exhibited binding with negatively
charged as well as zwitterionic or mixed lipid vesicles. Binding of Ste5 peptides with the negatively charged
lipid vesicles were primarily driven by hydrophobic interactions. NMR studies revealed that Ste5PM24 assumes
dynamic or transient conformations in zwitterionic dodecylphosphocholine (DPC) micelles. By contrast, NMR
structure, obtained in anionic sodium dodecyl sulphate (SDS), demonstrated amphipathic helical conformations
for the central segment of Ste5PM24. The hydrophobic surface of the helix was found to be buried inside the
micelles. Taken together, these results provide important insights toward the structure and speciﬁcity determi-
nants of the scaffold protein interactions with the plasma membrane.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Cellular responses to a large number of external cues are mediated
by diverse signaling pathways. Among these pathways, signaling
throughmitogen activated protein kinase (MAPK) cascades is well con-
served [1–3]. Signaling pathways are constructed by transmembrane
receptors and cytosolic signaling proteins through a complex network
of protein–protein and protein–lipid interactions [4–7]. Protein–protein
interactions in the signaling cascades are often mediated by modular
protein interaction domains, e.g. SH2, SH3, PDZ, SAM, PTB and WW,
that may organize into large multi-protein complexes [8–14]. On the
other hand, protein–lipid interactions are highly essential in efﬁcient
signal transmission whereby interactions of peripheral proteins with
the plasma membrane can amplify signals by recruiting signaling com-
plexes to the activated membrane-bound receptors [15–18]. In other
words, membrane localization of the signaling complexes can enhancee; MAPK, mitogen activated
palmitoyl-2-oleoyl-sn-glycero-
-sn-glycero-3-Phospho-rac-(1-
hocholine); NOESY, nuclear
n calorimetry
65 6791 3856.
).
l rights reserved.protein–protein binding via reducing dimensionality of interactions or
increasing local concentrations of interacting proteins [19–22].
Several protein domains including C1, C2, PH, FYVE, PX, ENTH,
ANTH, BAR, FERM and tubby domain are known to recognize speciﬁc
lipids or second messengers such as diacylglycerol (DAG), phorbol
ester or phosphoinositides (PIPs) located in the plasma membrane
of cells [4,15,18]. These lipid binding domains contain well folded
regions for speciﬁc binding to DAG or PIPs. For instance, the C1B do-
main contains a polar pocket surrounded by hydrophobic/aromatic
and cationic residues for binding of DAG/phorbol ester [23,24]. FYVE
[25–27], PX [28–30], ENTH [31–33] and PH [34–38] domains recognize
speciﬁc derivatives of PIP utilizing positively charged surface patches
and/or hydrophobic grooves. On the other hand, the interactions of C2
domainwithmembranes are bridged by Ca2+ ions that are coordinated
bymultiple loops [39,40]. The mechanisms of lipid bindings, elucidated
from a number of structural and biophysical studies, by these domains
are considered to be occurring from a non-speciﬁc charge/charge inter-
actions followed bymembranepenetrations [4,15,18]. In addition, some
signaling proteins e.g. RAS, cdc42 use covalently linked lipid moieties
for membrane anchoring [4,18]. Membrane docking can also be provid-
ed by amphipathic regions of proteins [4,41].Mechanisms ofmembrane
binding speciﬁcity by such lipid interacting segments in signaling,
apparently lacking any deﬁned binding pockets, are not clearly
understood.
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becomes an attractive model system for functional analysis of signaling
complexes [2,3]. Haploid yeast cells undergo mating in response to
pheromones, termed a factor and α factor [42]. The pheromone stimu-
lated signal transduction pathway consists of two main components; a
heterotrimeric G protein (Gαβγ) coupled seven transmembrane recep-
tors and a cascade of four protein kinases akin to mammalian MAP
kinase cascades [42]. The scaffold protein Ste5 is critical for connecting
these two components [43,44]. Analogs of Ste5 acting as a scaffold in
mammalian MAP kinase cascades have also been identiﬁed [45]. Func-
tional studies delineated that the scaffolding activity of Ste5 arises due
to its ability to bind three MAPK kinases, namely Ste11, Ste7 and Fus3,
simultaneously promoting mutual proximities among these kinases
[43,44]. In order to activate MAPK kinases, Ste5 needs to be recruited
to the plasma membrane because the Ste11 or MAPKKK activating
kinase Ste20/Pak kinase is localized in the membrane [46–48]. Previous
studies pointed out interactions of Ste5 with the membrane tethered
Gβγ dimer could bring Ste5 close to the membrane surface that may
plausibly link the MAPK cascade with the stimulus receiving receptor
[43,46]. A recent study has demonstrated that Ste5 indeed directly
interacts with the lipids of the plasma membrane [47]. The plasma
membrane binding site has beenmapped onto a relatively short amphi-
pathic segment of Ste5 encompassing residues P44-R67, hence termed
here as Ste5PM24 [47]. The same region was earlier found to be
involved in the nuclear shuttling of Ste5 [48]. These results proposed a
cooperative synergistic interaction between Ste5/Gβγ and Ste5 with
the membrane for efﬁcient signal transduction [47]. In addition, muta-
tions in the plasma membrane binding domain (P44L and T52M) have
been found to generate ‘hyperactive’ Ste5 that can induce ‘constitutive’
signaling [47]. The hyperactive variant of yeast is able to undergo
mating even in the absence of receptor G protein. The mating observed
in the absence of Gβγ protein is referred to as constitutive signaling
[47]. In this work, we have provided structural explanations of the
lipid binding speciﬁcity of the membrane interacting region of Ste5.
2. Materials and methods
2.1. Peptides and lipids
The Ste5 membrane interacting domain, residue P44-R67 and its
variant containing two replacements, P44L, T52M, were chemically
synthesized using solid phase peptide synthesis. The crude peptides
were puriﬁed by HPLC WatersTM using a semi-preparative C18 column
with a linear gradient of water/acetonitrile mixture. Molecular weight
of the puriﬁed peptideswas determined bymass spectrometry. Zwitter-
ionic DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholin, negatively
charged, DMPG, 1,2-dimyristoyl-sn-glycero-3[phospho-rac-(1-glycerol)
and POPG, 1-palmitoyl-2-oleoylphosphatidyl-DL-glycerol lipids were
obtained fromAvanti Polar Lipids (Alabaster, AL). Perdeuterated sodium
dodecyl sulfate (SDS-d54) was purchased from Cambridge Isotope Inc.
Spin labeled lipids, 5-doxyl-stearic acid (5-DSA) or 16-doxyl-stearic
acid (16-DSA), were purchased from Sigma (St. Louis, MO).
2.2. Preparation of lipid vesicle
DMPC, POPG and DMPC:DMPG (3:1) vesicles were prepared by dis-
solving appropriate amount of lipids (dry weight) into 2:1 chloroform:
methanol mixture. The organic solvent was evaporated to dryness in
vacuum. The lipid ﬁlms were hydrated in solutions of 10 mM sodium
phosphate buffer, pH 6.0 at 25 °C. The lipid solutions were vortexed
brieﬂy. This mixture was then frozen and thawed ﬁve times and passed
through a polycarobonate membrane ﬁlter of 100 nm diameter with an
extruder purchased from Avanti Polar Lipids (Alabaster, AL). The size
and integrity of the liposomewas conﬁrmed bydynamic light scattering
(BI-9000AT Brookhaven Instruments Corporation, Holtsville, NY, USA)
measurements.2.3. Intrinsic tryptophan ﬂuorescence studies
Intrinsic tryptophan emission spectra of the Ste5PM24 and its
mutant peptide Ste5PM24LMwere acquired using a Cary Eclipse ﬂuo-
rescence spectrophotometer (Varian, Inc.) equipped with dual mono-
chromators. Measurements were made using a 0.1 cm path length
quartz cuvette. Samples were excited at 280 nm and emissions were
measured between 300 and 400 nm range with slit width of 5 nm.
All ﬂuorescence experiments were performed in 10 mM sodium
phosphate buffer, pH 6.0 at a peptide concentration of 5 μM. Fluores-
cence emission spectra of the peptides were recorded as a function of
concentrations of zwitterionic DMPC vesicles and negatively charged
POPG vesicles.
2.4. ITC experiments
Isothermal titration calorimetry (ITC) experiments were performed
on a VP-ITC Micro Calorimeter (Micro Cal Inc, Northampton, MA). All
measurements were carried out in 10 mM sodium phosphate buffer
pH 6.0 at 20 °C. A ﬁxed concentration of 0.05 mM Ste5PM24 or
Ste5PM24LM peptides were placed in the sample cell and peptides
were titrated by additions of 5 μl aliquots of 20 mM POPG LUVs or
DMPC:DMPG (3:1) LUVs from the injection syringe. Typically 20 to 30
injections of the vesicles were performed at an interval of 3 min and
the reaction cell was constantly stirred at 300 rpm. Raw data were
collected and integrated usingMicro Cal Origin 6.0 suppliedwith instru-
ment. A single set of binding site model, provided with software, was
ﬁtted to the data obtained yielding the association constant, Ka and
enthalpy change ΔH. Free energy (ΔG) and entropy (ΔS) changes
were calculated using the fundamental equations of thermodynamics:
ΔG=−(RT ln Ka) and TΔS=−(ΔG−ΔH), respectively.
2.5. Circular dichroism (CD) experiments
Far UV CD spectra of Ste5PM24 and mutant peptide Ste5PM24LM
were collected using a Chirascan circular dichroism spectrometer
(Applied Photophysics Ltd, UK) in water and in complex with SDS mi-
celles. CD data were collected using 0.01 cm path length in a sandwich
cuvette at a spectral bandwidth of 1 nm and step size of 0.05 nm. The
peptide concentration used was 30 μM and SDS micelles at 20 mM.
2.6. NMR experiments
All of the NMR spectra were recorded on a Bruker DRX 600 spec-
trometer, equipped with cryo-probe and pulse ﬁeld gradients. Data
acquisition and processing were performed with the Topspin software
(BRUKER) running on a Linux workstation. The interactions of
Ste5PM24 or its mutant peptide Ste5PM24LM with either zwitterionic
DPC or with negatively charged SDS micelle were examined by record-
ing one dimensional proton NMR spectra. A typical NMR sample
contains 0.5 mM of Ste5PM24 or Ste5PM24LM in either 125 mM per-
deuterated DPC or in 200 mM perdeuterated SDS. NMR experiments
were performed at pH 4.5 and at 35 °C. The two-dimensional
1
H–
1
H
TOCSY and NOESY spectra were acquired at 2 K×512 complex points
usingWATERGATE for water suppression and the States-TPPI for quad-
rature detection in the t1 dimension. Three different mixing times, 100,
150 and 200 ms were used for NOESY experiments whereas 80 ms of
mixing timewas used for TOCSY spectrum. After zero ﬁlling along t1 di-
mension, 4 K (t2)×1 K (t1) data matrices were obtained. All chemical
shifts were referenced using DSS (2,2-Dimethyl-2-silapentane-5-sulfo-
nate sodium salt) as an internal standard. The spectral width was
normally 12 ppm in both dimensions. After 16 dummy scans, 72 scans
were recorded per t1 increment. NMR data processing and analysis
were carried out using the programs Topspin (Bruker) and SPARKY
(T. D. Goddard and D. G. Kneller, University of California, San Francisco),
respectively. Two-dimensional
1
H–
13
C HSQC experiments were
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idues of the peptide, Ste5PM24, bound to either DPC or SDS at 35 °C.
To study the amide proton exchange, Ste5PM24 peptide was dissolved
in D2O containing 125 mMperdeuterated DPC or in 200 mMperdeuter-
ated SDS at pH4.5. A series of one dimensional
1
H and two-dimensional
1
H–
1
H TOCSY spectra were acquired with an interval of 90 min.2.7. NMR derived structure calculation
NMR structure of Ste5PM24 in the presence of SDS was iteratively
reﬁned from an extended polypeptide chain, using a protocol supplied
with the program CNS 1.1 [49]. The NOE intensities were qualitatively
categorized to strong, medium and weak and then translated to upper
bound distance limits to 2.5, 3.5 and 5.0 Å, respectively, from the
NOESY spectra, recorded with mixing time of 150 ms. In addition, the
dihedral angle constraints were derived from PREDITOR [50] using
13Cα and CαH chemical shifts and were used for structure calculations
with ±25° variation, from the calculated dihedral angle values. The
lower bounds for all NOE restraints were set to 2.0 Å and the hydrogen
bond constraintswere not used during structure calculations. Out of the
100 structures generated, 15 lowest energy structures were used for
further analysis.2.8. Spin labeling experiments
Line broadening effects were assessed by paramagnetic relaxation
experiments, which were performed by adding aliquots of paramag-
netic solution, 5-doxyl-stearic acid (5-DSA) or 16-doxyl-stearic acid
(16-DSA), prepared in deuterated methanol, into the samples con-
taining 0.5 mM of Ste5PM24 peptide in 200 mM perdeuterated SDS.
The samples were allowed to equilibrate for 20 min before 2D
TOCSY spectra were recorded. All recording parameters were kept
constant except the probe tuning and ﬁeld shimming. The intensities
of the cross-peaks of Ste5PM24 were measured before and after addi-
tion of the paramagnetic probes and the ratio of remaining ampli-
tudes for 5-DSA and 16-DSA were calculated as described previously
[51].Fig. 1. (Panel A) Functional domains of the full-length Ste5, 917-residue, protein. Regions in
of Ste5 is numbered accordingly. A putative PH domain, recently identiﬁed, has been shown
Primary amino acid sequences of the membrane binding domain of Ste5 or Ste5PM24 and i
are shown below. (Panel B) Helical wheel diagram displaying amphipathic helical structure3. Results
3.1. Functional domains of Ste5 protein
Ste5 is a modular protein containing a number of functional do-
mains (Fig. 1A). Three regions are known to bind to kinases i.e. MAPKKK
Ste11, MAPKK Ste7 and MAPK Fus3 forming a tripartite kinase/scaffold
complex (Fig. 1A) [42,45]. In addition, Ste5 also associates, through a
Zn-ﬁnger domain, with the β-subunit of the membrane tethered
heterodimer β/γ complex of the G-protein (Fig. 1A). The N-terminus
region of Ste5 i.e. residues P44-R67, has been recognized as a plasma
membrane (PM) binding domain (Fig. 1A and B) [47]. It has been pre-
dicted that this segment would form an amphipathic helical structure
in complexwithmembrane lipids (Fig. 1B) [47]. In addition, two hyper-
active mutants, P44L and T52M, of Ste5 have been isolated whereby
Ste5 shows G-protein independent activation of the mating response
[47]. A more recent study have identiﬁed another membrane binding
region or a PH-like domain overlapping with the Ste11 binding region
of Ste5 (Fig. 1A) [52].
3.2. Binding of Ste5PM24 and Ste5PM24LM with lipid vesicles
The presence of a singleW51 residue in the Ste5membrane binding
domain allowed us to use intrinsic Trp ﬂuorescence to examine the
binding of the peptides with lipid vesicles. The free peptides,
Ste5PM24 and Ste5PM24LM, showed an emission maximum
~355 nm, indicating solvent exposed nature of Trp residue (Fig. 2). As
can be seen, in the presence of negatively charged lipid vesicles POPG,
there is a marked blue shift, ~17 nm, of the emission maximum with a
concomitant enhancement in ﬂuorescence intensity of Trp of
Ste5PM24 peptide (Fig. 2, panel A). These observations would suggest
an incorporation of the peptide into the hydrophobic milieu of the
lipid vesicles. Conversely, there were no signiﬁcant changes either in
the emission maximum and/or ﬂuorescence intensity upon addition
of zwitterionic lipid vesicles DMPC (Fig. 2, panel A). This may indicate
a probable inability of themembrane binding domain of Set5 to interact
with the zwitterionic lipids. These results are in agreement with the
previous liposome binding assays showing an enhanced binding of a
longer fragment of Ste5, residues 37–67, as a GST fusion protein in thevolved in binding to target proteins are shaded black and the boundary of each domain
at the top. The plasma membrane (PM) binding region of Ste5 is marked by a red box.
ts analog Ste5PM24LM, containing two replacements, P44L and T52M, in the sequence,
of the membrane binding domain, Ste5PM24, of Ste5.
Fig. 2. (Panel A) Intrinsic tryptophan ﬂuorescence emission spectra of Ste5PM24 in free state and in the presence of 2 mM DMPC and 2 mM POPG vesicles in 10 mM sodium
phosphate buffer at pH 6.0. (Panel B) Intrinsic tryptophan ﬂuorescence emission spectra of Ste5PM24LM in free state and in the presence of 2 mM DMPC and 2 mM POPG vesicles
in 10 mM sodium phosphate buffer at pH 6.0.
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inositol-4-phosphate (PI4P), and phosphatidylinositol 4,5-bispho-
sphate (PIP2) [47]. Interestingly, Ste5PM24LM peptide, the hyperactive
variant of Ste5, demonstrated an efﬁcient binding with both the nega-
tively charged and the zwitterionic lipid vesicles (Fig. 2, panel B). Clear-
ly, residue W51 experienced a blue shift in the emission maxima with
concomitant increase in ﬂuorescence intensities in both POPG and
DMPC lipid vesicles indicating binding of the Ste5PM24LM peptide to
these lipid vesicles (Fig. 2, panel B). These data suggest that the mem-
brane binding domain of Ste5, Ste5PM24, selectively interacts with
the negatively charged lipid vesicles. By contrast, Ste5PM24LMpeptide,
harboring residues L44 and M52 involved in hyperactive signaling are
unable to discriminate between different lipids.3.3. Interactions of Ste5PM24 and Ste5PM24LM with lipid vesicles by ITC
studies
In order to gain more insights into the binding interactions of Ste5
peptides towards different lipid membranes, ITC studies were carried
out in the presence of POPG vesicles and mixed vesicles DMPC:DMPG
(3:1). The mixed vesicles were prepared with DMPG and DMPC due
to the closer melting temperature of these two lipids. The interactions
of Ste5PM24 and Ste5PM24LM peptides to the negatively charge
POPG vesicles were endothermic in nature or entropy driven process
as indicated by the upward trend of the binding induced heats
(Fig. 3A and B). The thermodynamic parameters (ΔH, ΔG and TΔS)
and equilibrium association constant (Ka) and dissociation constant
(Kd) values are given in Table 1. The Ste5PM24LM mutant peptide
demonstrated a relatively higher afﬁnity of binding to the POPG
vesicles, Kd~0.55 μM, as compared to the native peptide Ste5PM24,
Kd~0.94 μM (Table 1). Interestingly, in the mixed vesicles of DMPC:
DMPG (3:1) both peptides showed different binding behavior
(Fig. 3C and D). The native peptide, Ste5PM24, exhibited an exother-
mic or enthalpy driven binding as judged by downward positions of
the heat ﬂow (Fig. 3C, Table 1). On the other hand, ITC showed two
distinct phases for the binding of the Ste5PM24LM peptide with the
DMPC:DMPG (3:1) vesicles (Fig. 3D). At the lower molar ratio(s) of
lipid:peptide, an exothermic binding can be seen, however, an endo-
thermic binding was observed at higher vesicle concentrations
(Fig. 3D). The binding afﬁnity of the membrane binding domain of
Ste5 to the mixed, DMPC:DMPG, vesicle was estimated to be lower,
Kd~3.0 μM, as compared to the negatively charged POPG vesicles
(Table 1). ITC data of Ste5PM24LM were analyzed separately for the
endothermic and exothermic binding reactions (Table 1). Considering
the endothermic component of the ITC proﬁle, the mutated peptide
showed a higher afﬁnity of binding Kd~1.1 μM with the mixed vesi-
cles (Table 1). Taken together, these results suggest that preferential
interactions of the native Ste5PM24 peptide with the negativelycharged lipids whereas the mutant peptide lacks lipid binding
speciﬁcity.3.4. NMR studies of the Ste5PM24 and Ste5PM24LM in SDS micelles
Fig. 4 shows the low-ﬁeld region of the one-dimensional proton
NMR spectra of Ste5PM24 (Fig. 4A and B) and Ste5PM24LM (Fig. 4C
and D) peptides in their free and negatively charged SDS micelles
bound states. Both peptides exhibit a less dispersed proton reso-
nances in aqueous solution; indicating lack of any stable structures
(Fig. 4A and C). However, in complex with SDS micelles a well-
resolved NMR spectrum was achieved for the Ste5PM24 peptide
(Fig. 4B and D), demonstrating a stabilization to a unique conforma-
tional state. Surprisingly, the proton resonances of the mutated
Ste5PM24LM peptide were found to be highly broadened and less
dispersed in the SDS micelles (Fig. 4D). Notably, multiple resonances
corresponding to NεH of residueW51 can also be seen in the presence
of lipid micelles (Fig. 4D). This spectral feature is indicative of popula-
tions of different conformational states undergoing slow or interme-
diate exchange at the NMR time scales. The propensity of structure
formation of Ste5PM24 and Ste5PM24LM peptides were also exam-
ined by CD spectroscopy. We noted a stabilization of helical structure
of Ste5PM24 and Ste5PM24LM in SDS micelles, whereas random con-
formations of the peptides in aqueous solutions (Supplementary
Fig. S1). Therefore, the broad NMR spectra of Ste5PM24LM may indi-
cate plausible aggregations of the peptide in the lipid environment.
The favorable NMR spectra of the native Ste5PM24 in SDS micelles
allowed us to examine conformations of the native membrane binding
domain of Ste5 at an atomic-resolution. Sequence-speciﬁc resonance
assignments of Ste5PM24 were achieved from two-dimensional
TOCSY and NOESY spectra [53]. The chemical shift deviation of the
13Cα and CαH resonances from the random coil value provides insights
into the secondary structure [54]. The chemical shift CαΗ nuclei are
shifted upﬁeld in helical structures and downﬁeld in β-strands, where-
as, this is opposite for 13Cα nuclei [54]. Almost all the 13Cα and CαH
resonances of the Ste5PM24 peptide experience, respectively, a down-
ﬁeld and upﬁeld shift in SDS micelles (Fig. 5A). However, residues
located at the central region of Ste5PM24, i.e. G48-A63, experienced
a larger deviation for CαH and 13Cα chemical shifts (Fig. 5A). This
observation implies that helical conformations are mostly populated
for the middle segment of Ste5PM24, whereas N- and C-termini of
Ste5PM24 may assume dynamic or unstructured conformations in
SDS micelles (vide infra).
The micelle-bound conformations of the Ste5PM24 were further
assessed by use of two-dimensional NOESY spectra. Fig. 5B shows
NOESY spectra of Ste5PM24, displaying sequential and medium
range backbone/backbone CαH/HN NOE contacts. Medium range, i
to i+3/i+4, NOEs could be identiﬁed only for the residues G48-
Fig. 3. Isothermal titration calorimetry (ITC) traces obtained by titrating POPG vesicles (Panel A) or DMPC/DMPG (3:1) vesicles (Panel C) into solutions of Ste5PM24 peptide. ITC
traces obtained by titrating POPG vesicles (Panel B) or DMPC/DMPG (3:1) vesicles (Panel D) into solutions of Ste5PM24LM peptide. Experiments were carried out in 10 mM sodium
phosphate buffer, pH 6.0 at 20 °C.
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conformations at the central region of the peptide. The sequential and
medium range backbone NOE contacts of the Ste5PM24 identiﬁed inTable 1
Thermodynamic parameters of interactions between Ste5PM24 and Ste5PM24LM peptides
POPG
(Ste5PM24)
POPG
(Ste5PM24LM)
Ka (μM−1) 1.06±0.2 1.79±0.7
Kd (μM) 0.94 0.56
ΔH (kcal mol−1) 2.8±0.07 0.97
ΔG (kcal mol−1) −8.1 −8.3
TΔS (kcal mol−1 deg−1) 10.9 9.27SDS micelles are summarized in Fig. 6A. In addition, the ring protons
of W51 and F58 demonstrated NOE connectivity with the CδH3 of
residue L55, indicating potential packing interactions among thesewith lipid vesicles.
DMPC:DMPG (3:1)
(Ste5PM24)
DMPC:DMPG
(3:1)
(Ste5PM24LM)
Exothermic Endothermic
0.33±0.08 0.87±0.1 0.10
3.03 1.1 9.2
−3.2±0.01 −9.6±0.1 8.5
−7.3 −7.9 −6.7
4.1 −1.7 15.2
Fig. 4. (Panel A) Low ﬁeld regions of the one-dimensional 1H NMR spectra of Ste5PM24 in free-state and (Panel B) in the presence of 200 mM perdeuterated SDS. (Panel C) Low ﬁeld
regions of the one-dimensional 1H NMR spectra of Ste5PM24LM in free-state and (Panel D) in the presence of perdeuterated 200 mM SDS. Multiple resonances of the indole NεH
ring proton of W51 of Ste5PM24LM peptide in SDS are presented in expanded scale. All experiments were performed at pH 4.5, 35 °C.
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protected backbone amide protons of Ste5PM24 are located at the
central helical region of the peptide (Fig. 6C). Notably, both the aro-
matic residues W51 and F58 showed as many as 26 and 28 NOE
contacts, respectively, while inserted into SDS micelles (Fig. 7).
3.5. NMR characterization of Ste5PM24 in DPC micelles
In order to understand the speciﬁcity of the lipid interactions, we
have examined conformations of Ste5PM24 in zwitterionic DPCFig. 5. (Panel A) The chemical shift deviations from the random coil values for the CαH
proton and 13Cα resonances of Ste5PM24 in the presence of 200 mM SDS. The amino
acid sequence of Ste5PM24 has been show at the top. (Panel B) Finger print region of
the two-dimensional
1
H–
1
H NOESY spectrum of Ste5PM24 in the presence of SDS mi-
celles, showing intra-residue NOE cross-peaks between CαH-HN resonances (marked
as gray) and medium-range NOEs involving CαH-HN resonances (marked as black).micelles. Ste5PM24 interacted with DPC micelles, as revealed from
one-dimensional proton NMR spectra, showing changes of chemical
shifts in comparison to the free peptide (data not shown). However,
NMR parameters, namely secondary CαH and 13Cα chemical shifts,Fig. 6. Bar diagram summarizing NOEs observed for Ste5PM24 (panel A) in the presence
of 200 mM SDS. The thickness of the bars indicates the intensity of the NOESY peaks,
which are assigned as strong, medium and weak. The protected amide protons of
Ste5PM24 against exchange with solvent D2O is marked by solid circle. The amino acid
sequences are shown at the top. (B) Sections of two-dimensional NOESY spectra showing
sequential (in italics) and medium-range sidechain–sidechain NOE contacts (marked by
box) between aliphatic sidechain resonances and residue W51/F58 aromatic resonances
of Ste5PM24 in complex with SDSmicelles. (C) Section of tw- dimensional TOCSY spectra
of Ste5PM24 in SDS micelles dissolved in D2O showing HN/CαH cross-peak for the resi-
dues protected against exchange after one and half hours. Amide regions of the one-
dimensional NMR spectra obtained from freshly dissolved samples of micelle-bound
Ste5PM24 in D2O are shown at the top of the corresponding two-dimensional TOCSY
spectra.
Fig. 7. Bar diagram showing NOE contacts for each residue of Ste5PM24 in SDSmicelles.
Two aromatic residues W51 and F58 demonstrated a large number of NOE interactions.
Fig. 8. (Panel A) The chemical shift deviations from the random coil values for the CαH
proton and 13Cα resonances of Ste5PM24 in the presence DPC micelles. The amino acid
sequence of Ste5PM24 has been shown at the top. The ﬁlled circle indicates residues
showing slow exchange of amide proton against solvent D2O. (panel B) Finger print
region of the two-dimensional
1
H–
1
H NOESY spectrum of Ste5PM24 in the presence
of DPC micelles, showing sequential and some medium-range NOE cross-peaks.
(panel C) A section of the two-dimensional TOCSY spectrum of Ste5PM24 in DPC mi-
celles dissolved in D2O showing HN/CαH cross-peak for the residues protected against
solvent exchange after one and half hours. The amide region of one-dimensional NMR
spectrum obtained from the freshly dissolved sample of micelle-bound Ste5PM24 in
D2O is shown at the top of the corresponding two-dimensional TOCSY spectrum.
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assumes ﬂexible or dynamic conformations in zwitterionic micelles
(Fig. 8). The CαH and 13Cα resonances showed reduced deviations
from random coil chemical shift values in comparison to SDS-bound
state of Ste5PM24, indicating lack of stable conformations (Fig. 8A).
Analyses of NOESY spectra demonstrated the presence of predomi-
nantly sequential and only few medium-range CαH/NH NOEs for
Ste5PM24 in DPC micelles (Fig. 8B and C). These medium-range
NOEs e.g. G48/K50, T52/A56, R57/Q59, R47/W51, could be detected
at or around the central segment of the Ste5PM24 (Fig. 8B and C).
Further, the H/D exchange studies delineated a rapid exchange of
almost all the amide protons of Ste5PM24 with solvent D2O
(Fig. 8C). Taken together, these results disclose that Ste5PM24 has a
tendency to adopt only transient conformations in DPC lipid micelles.
Therefore, ﬂuorescence, ITC and NMR experiments carried out either
in lipid vesicles or micelles demonstrated that the membrane binding
region of Ste5 has a lower interactions afﬁnity and also lesser intrinsic
propensity for regular conformations in zwitterionic lipids.
3.6. Three-dimensional structures of the membrane binding domain of
Ste5 in SDS micelles
An ensemble of SDS micelle-bound structures of the Ste5PM24
was determined using 201 NOE, including 62 medium-range NOEs,
driven distant restraints (Table 2). Dihedral angle (ϕ, ψ) constrains
were obtained using PREDITOR [50]. Fig. 9A shows the superposition
of the backbone atoms (Cα, N, C′) of an ensemble of the twenty low-
est energy structures of the Ste5PM24 in SDS micelles. The RMSD
values from the mean structure in the SDS-bound state are 2.57 Å
and 3.88 Å for the backbone and heavy atoms, respectively
(Table 2). However, the superposition of the backbone atoms (Cα,
N, C′) for the residues G48-A63, showed a lower RMSD of 1.32 Å
(Table 2 and Fig. 9B). Therefore, it is clear that in the presence of neg-
atively charged micelles, SDS, this region of the membrane binding
domain of Ste5PM24 is rather well deﬁned. As can be seen, several
residues at the N- and C-termini, i.e. residues P44-G48 and residues
S62-R67, of Ste5PM24 did not adopt regular secondary structures in
SDS micelles and therefore remained in extended conformations
(Fig. 9C). The SDS-bound structure of the membrane binding domain
of Ste5, Ste5PM24, delineated helical conformations for the segment
encompassing K49-S62 with a kink at the residue F58 (Fig. 9C). The
helical structure of Ste5PM24 displayed an amphipathic disposition
of the sidechain orientation (Fig. 9C). One face of the SDS-bound he-
lical structure is characterized by the presence of a number of cationic
and/or polar amino acids including residues K49, K50, E53, R57, R60,
and S61(Fig. 9C). There may be potential salt-bridge or ionic
interactions involving residues E53 and R57 (Fig. 9C). The oppositeface of the helix is deﬁned by intimate packing among aromatic and
non-polar residues at the middle region of the peptide (Fig. 9D).
This central part of the Ste5PM24 manifested by the mutual packing
of sidechains of residues W51, K54, T52, L55, A56, F58 and Q59 delin-
eated a critical hydrophobic patch (Fig. 9D). The electrostatic surface
of Ste5PM24 in complex with SDS showed an amphipathic character-
istic of the structure (Fig. 9E). A large density of positive charge can be
seen in one side of the molecule along with a short contiguous hydro-
phobic region at the opposite face (Fig. 9E).
3.7. Localization of the Ste5PM24 in lipid micelles
The depth of insertion of themembrane binding domain, Ste5PM24,
of Ste5 was investigated using two paramagnetic lipids, 5-doxyl-steric
acid (5-DSA) and 16-doxyl-steric acid (16-DSA). These spin labeled
fatty acids readily incorporate into the lipid micelles and may cause
Table 2
Summary of structural statistics for the 20 ﬁnal structures of Ste5PM24 in complex
with SDS micelles.
Distance restraints
Intraresidue (|i–j|=0)
sequential (|i–j|=1)
medium-range (2≤ |i–j|≤4)
Total
59
79
63
201
Angular restraints
(ϕ)
(ψ)
22
22
Distance restraints violations>0.3 Å 0
Geometry ideality
Bonds
Angles
Improper
0.0077±0.001 Å
0.84°±0.02°
0.81°±0.04°
Deviation from mean structure (Å)
All backbone atoms (N, Cα, C′)
Backbone for residues (G48-A63)
All heavy atoms
2.57
1.32
3.88
Ramachandran plot for the mean structure⁎
% residues in the most favorable and
additionally allowed region
% residues in the generously allowed
% residues in the disallowed region
95.2
4.8
0
⁎ based on PROCHECK-NMR.
Fig. 9. (Panel A) Superposition of backbone atoms (N, Cα, C′) of 20 lowest energy
structures of Ste5PM24 in the presence of 200 mM SDS micelles. (Panel B) Superposi-
tion of backbone atoms (N, Cα, C′) of 20 lowest energy structures of Ste5PM24 at the
helical region, G48-A63 in the presence of 200 mM SDS micelles. (Panel C and Panel
D) Representative helical conformations of Ste5PM24, showing sidechain dispositions,
obtained in the SDS micelles. The dotted lines (in black) indicate plausible hydrogen
bonds and/or salt bridge interactions stabilizing the micelle-bound conformations.
(Panel E) Electrostatic potential surface of Ste5PM24 in the negatively charged SDS
micelle-bound state. The positively charged, neutral and negatively charged amino
acid residues are indicated by blue, white and red colors, respectively. These images
were produced using the program MOLMOL.
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[55,56]. In particular, the 5-DSA, carrying the paramagnetic doxyl-
moiety at the ﬁfth carbon position, affects NMR signals that are either
close to the micelles surface or positioned within 3–4 carbon atoms
from the site of the spin label. On the other hand, the 16-DSA, the para-
magnetic doxyl-group located at the sixteen carbon position, usually
perturbsNMR signals of the residues deeply inserted or close to the cen-
ter of the micelles [25,26]. The diminution of CαH/HN cross-peaks in-
tensities, upon additions of paramagnetic lipids, from the TOCSY
spectra of Ste5PM24 in SDS micelles was estimated. The TOCSY cross-
peaks along the direct F2 dimension for amide resonances were used
to extract intensity changes. Interestingly, both nitro-oxide spin labeled
lipids were found to cause perturbation of CαH/HN cross-peaks but at
different extent (Fig. 10). A ratio, 5-DSA/16-DSA, of >1 is indicative of
a larger perturbation by 16-DSA, hence the residue might be located
deeper into the micelles. On the other hand, a ratio of b1 would imply
higher perturbation by 5-DSA demonstrating surface localization of
the residue. A lower ratio of 5-DSA/16-DSA for the stretch of four
basic residues, K64, K65, K66 and R67, at the C-terminus of Ste5PM24
demonstrated that these residues could be predominately located at
the surface of the SDS micelles (Fig. 10A and B). However, a number
of residues of Ste5PM24 exhibited a signiﬁcant difference in depth of
penetration in SDS micelles. Most notably residues e.g. L45, W51, T52,
E53, K54, L55, A56, R57, F58, Q59, S61 and S62 from the hydrophobic
face of the Ste5PM24 helix were characterized by a higher ratio of 5-
DSA/16-DSA in SDSmicelles (Fig. 10A and B). Therefore, the hydropho-
bic surface of Ste5PM24 appeared to be deeply inserted into SDS mi-
celles. This observation presumably explains the rigidity in dynamics
as demonstrated by slow solvent exchange for the residues located at
the middle part of Ste5PM24 (Fig. 6C).
4. Discussion
4.1. Structure and localization of Ste5 membrane binding region
Ste5 of budding yeast serves as a prototypical scaffold protein that
has been well investigated functionally [43–46]. Ste5 needs to be
recruited to the plasma membrane in order to transmit downstream
signals from the activated membrane bound receptor to the kinases
[46–49]. More recent studies have elucidated complex allosteric
roles of Ste5 protein demonstrating its involvement in regulation of
activities of kinases [57,58]. Surprisingly, a direct interaction of Ste5
Fig. 10. (Panel A) A bar diagram showing ratio of perturbation induced by paramagnet-
ic spin labeled lipids 5-DSA and 16-DSA for Ste5PM24 in complex with negatively
charged SDS micelles as a function of amino acid residues. The CαH-HN resonances
were used for calculating the line broadening effect caused by 5-DSA and 16-DSA. A
5-DSA/16-DSA ratio of >1 or b1 would imply that the corresponding residue is pre-
dominantly perturbed either by 16-DSA or 5-DSA, respectively. The 5-DSA/16-DSA
ratio of 1 is indicated by purple dotted lines for easy comparison. (panel B) Mapping
of residues of Ste5PM24 perturbed by the spin labeled stearic acids in the presence
of SDS micelles. The red and blue spheres represent the resonances predominantly
perturbed either by 5-DSA or 16-DSA, respectively. This image was produced using
the program MOLMOL.
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protein (Fig. 1) [47]. In this work, we have determined, the lipid
membrane interaction properties, the thermodynamic parameters of
lipid membrane interactions and the three dimensional structures of
the membrane binding region of Ste5, Ste5PM24 and its hyperactive
variant, Ste5PM24LM. Fluorescence and ITC studies were carried out
in presence of lipid vesicles consisting out of negatively charged,
zwitterionic or a mixture of negatively charged and zwitterionic
lipids. Whereas, negatively charged SDS micelles were used to obtain
3-D structure and localization of Ste5PM24 peptide. Our vesicle binding
data revealed that the Ste5PM24, in spite of having a shorter size, exhib-
ited speciﬁcity of binding to the negatively charged lipids. However, the
mutated peptide Ste5PM24LM interacted with both the negatively
charged and the zwitterionic lipid vesicles. ITC studies have quantiﬁed
binding parameters and afﬁnities of Ste5PM24 and Ste5PM24LM
peptides with the lipid vesicle of different compositions (Fig. 3,
Table 1). The native Ste5PM24 binds to the negatively charged vesicles
with high afﬁnity (Fig. 3, Table 1). The binding afﬁnity of Ste5PM24 had
been found to be reduced in the presence of zwitterionic lipids
(Table 1). Interestingly, ITC experiments have further revealed that
binding of both peptides, Ste5PM24 and Ste5PM24LM, with POPG
vesicles are endothermic or entropy driven process (Fig. 3A and B). In
other words, these observations imply that hydrophobic interactions
are playing a dominant role towards the binding of the Ste5 peptides
to the lipid vesicles. Notably, ionic interactions and/or hydrogen
bonding that may occur between the negatively charged POPG lipidvesicles with the large number of cationic and polar amino acid
residues of Ste5PM24 or Ste5PM24LM peptides appeared to be contrib-
uting to a lesser degree in binding. Note, ITC studies employing cationic/
hydrophobic peptides e.g. antimicrobial peptides have shown exother-
mic binding or enthalpy driven interactionswith the negatively charged
lipid vesicles [59,60].
The determination of 3-D structures of Ste5PM24 and Ste5PM24LM
peptideswere attempted in lipid environment using negatively charged
SDS and zwitterionic DPC micelles. These micelle systems, due to their
smaller sizes, are predominantly used in structural studies of mem-
brane active peptides [61] and integral membrane proteins [62].
Surprisingly, NMR spectra obtained for the mutated peptide
Ste5PM24LMwere highly broadened in SDSmicelles with the presence
of multiple conformational states (Fig. 4D). A very similar NMR spec-
trum was observed for the Ste5PM24LM peptide in DPC micelles (data
not shown). By contrast, the native membrane binding domain of
Ste5, Ste5PM24, displayed well-resolved NMR spectra in SDS and DPC
micelles facilitating structural characterization. Analyses of NMR
parameters, secondary chemical shifts, NOEs and H/D exchange,
revealed that within DPC micelles Ste5PM24 assumes largely dynamic
conformations (Fig. 8). However, 3-D structure of Ste5 membrane
binding domain, Ste5PM24, could be determined in complex with SDS
micelles. We ﬁnd that Ste5PM24 assumed a partial helical structure in
complex with SDS micelles. The helical conformation, encompassing
residues K49-A63, was restricted to the central region of Ste5PM24
sequence, whereas several residues at the N- and C-termini were in
extended conformations (Fig. 9). The SDS bound amphipathic structure
of Ste5PM24was realized by packing among hydrophobic and aromatic
residues forming a small non-polar core of residues W51, L55 and F58
(Fig. 9D). The hydrophilic face of the helix is maintained by charged
and polar residues with potential salt bridge or hydrogen bond interac-
tions between residues E53/R57 and Q59/S62 (Fig. 9C). It is noteworthy
that the helical structure of Ste5 membrane binding domain in SDS
micelles delineates a curvature around the central part (Fig. 9C). The
bend conformation of Ste5PM24 in SDS may originate from the unique
packing interactions at the hydrophobic face of the helix (Fig. 9C).
Artiﬁcial bend or curved helical conformations of membrane active
peptides or anti-microbial peptides have also been observed inmicelles
environments [61]. However, we cannot rule out a possible role of SDS
micelles in inducing curvature in the helical structure of the Ste5
membrane binding domain. Paramagnetic spin labeled NMR studies
clearly delineated that the helical region of Ste5PM24 including the
residues at the hydrophobic face inserted into SDS micelles (Fig. 10).
Furthermore, a number of amide protons were also found to be under-
going slow exchange with the solvent indicating that the helical region
of peptide may be localized inside the micelles. By contrast, the N- and
C-termini residues were predominantly positioned at the surface of
micelles. In addition, current study utilizes lipid vesicles and detergent
micelles those may serve as a close mimic of the biological membrane.
However, lipid compositions of the plasma membrane are highly
heterogeneous and structural studies of proteins and peptides in the
context of such complex lipid systems remain a challenge.
4.2. Biological signiﬁcances
The current study clearly enhances the understating of the interac-
tions between the Ste5 membrane binding region with the membrane
and reveals important implications of MAPK signal transduction.
Through NMR structural and biophysical studies, it is revealed that the
membrane targeting domain of Ste5 or Ste5PM24 preferentially binds
with the negatively charged lipids. By contrast, the mutant peptide
Ste5PM24LM has broadly interacted with negatively charged and also
with zwitterionic lipids. The importance of mutual packing among the
hydrophobic residues e.g. W51, L55, F58 observed in the helical struc-
ture of Ste5PM24 appears to have functional correlations whereby
replacements of these residues with polar sidechains were found to
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Ste5 [47,48]. Further, the mutant peptide Ste5PM24LM, containing
replacements P44L and T52M, has interactions with negatively charged
aswell aswith zwitterionic lipid vesicles withmuch higher afﬁnity. The
residue T52 in Ste5PM24 is located at the hydrophobic face of the helix
(Fig. 9C andD) and has a deeper insertion into the non-polar core of SDS
micelles (Fig. 10). Therefore, replacement of T52withMetmay enhance
packing among hydrophobic residues in the Ste5 membrane targeting
domain and also peptide/lipid interactions due to a higher hydropho-
bicity. The broad NMR resonances of the Ste5PM24LM peptide in SDS
micelles indicated a different lipid binding behavior of the mutated
membrane targeting domain (Fig. 4). Functional study previously
demonstrated strong and weak hyperactivity of Ste5 by replacing resi-
dues Q59 and S62 with hydrophobic residues F and L, respectively
[47]. In the SDS bound helical structure of Ste5PM24 both residues are
located at the non-polar region of the helix (Fig. 10B). A replacement
either by residues F or L at the position 59 would facilitate an extended
hydrophobic packing in the helical structure that may result in high
afﬁnity membrane binding. On the other hand, mutation of S62 with F
or L, although increasing hydrophobicity of the membrane binding
domain, may not be able to form an extended non-polar packing in
the helical structure presumably causing a lower hyperactivity [47].
Taken together, it is highly likely that the helical structure and its inser-
tion into lipid by the hydrophobic segment of the Ste5membrane bind-
ing domain is critically involved in interactions speciﬁcity and also in
ﬁne tuning of the pheromone mediated signaling.
Supplementary materials related to this article can be found
online at doi:10.1016/j.bbamem.2012.01.008.Acknowledgement
Thiswork is supported by research grants fromNanyang Technolog-
ical University (RG49/10) and A*BMRC (08/1/22/19/556), Singapore.
The atomic coordinates of the SDS bound structure of Ste5PM24 have
been deposited to Protein Data Bank with the accession codes 2KGM.References
[1] M.H. Cobb, MAP kinase pathways, Prog. Biophys. Mol. Biol. 71 (1999) 479–900.
[2] I. Herskowitz, MAP kinase pathways in yeast: for mating andmore, Cell 80 (1995)
187–197.
[3] H.J. Schaeffer, M.J. Weber, Mitogen-activated protein kinases: speciﬁc messages
from ubiquitous messengers, Mol. Cell. Biol. 19 (1999) 2435–2444.
[4] W. Cho, R.V. Stahelin, Membrane-protein interactions in cell signaling and mem-
brane trafﬁcking, Annu. Rev. Biophys. Struct. 34 (2005) 119–151.
[5] J.A. Papin, T. Hunter, B.O. Palsson, S. Subramaniam, Reconstruction of cellular sig-
naling networks and analysis of their properties, Nat. Rev. Mol. Cell Biol. 2 (2005)
99–111.
[6] W. Cho, Building signaling complexes at the membrane, Sci. STKE pe7 (2006) 1–3.
[7] L. Buday, P. Tompa, Functional classiﬁcation of scaffold proteins and related mole-
cules, FEBS J. 277 (2010) 4348–4355.
[8] T. Pawson, P. Nash Assembly, of cell regulatory systems through protein interaction
domains, Science 300 (2003) 445–452.
[9] T. Pawson, J.D. Scott, Signaling through scaffold, anchoring, and adaptor proteins,
Science 278 (1997) 2075–2080.
[10] S. Bhattacharjya, P. Xu, M. Chakrapani, L. Johnston, F. Ni, Polymerization of the
SAM domain of MAPKKK Ste11 from the budding yeast: implications for efﬁcient
signaling through the MAPK cascades, Protein Sci. 3 (2005) 828–835.
[11] S. Bhattacharjya, P. Xu, R. Gingras, R. Shaykhutdinov, C. Wu, M. Whiteway, F. Ni, So-
lution structure of the dimeric SAM domain of MAPKKK Ste11 and its interactions
with the adaptor protein Ste50 from the budding yeast: implications for Ste11 acti-
vation and signal transmission through the Ste50-Ste11 complex, J. Mol. Biol. 344
(2004) 1071–1087.
[12] P.M. Hwang, C. Li, M. Morra, J. Lillywhite, D.R. Muhandiram, F. Gertler, C. Terhorst,
L.E. Kay, T. Pawson, J.D. Forman-Kay, S.C. Li, A “three-pronged” binding mecha-
nism for the SAP/SH2D1A SH2 domain: structural basis and relevance to the
XLP syndrome, EMBO J. 21 (2002) 314–323.
[13] W. Cho, Membrane targeting by C1 and C2 domains, J. Biol. Chem. 276 (2001)
32407–32410.
[14] A. Alexa, J. Varga, A. Remenyi, Scaffolds are “active” regulators of signaling mod-
ules, FEBS J. 277 (2010) 4376–4382.
[15] E.A. Nalefski, J.J. Falke, The C2 domain calcium-binding motif: structural and func-
tional diversity, Protein Sci. 12 (1996) 2375–2390.[16] J.H. Hurley, Membrane binding domains, Biochim. Biophys. Acta 1761 (2006)
805–811.
[17] T. Takenawa, T. Itoh, Membrane targeting and remodeling through
phosphoinositide-binding domains, IUBMB Life 58 (2006) 296–303.
[18] D. Bray, Signaling complexes: biophysical constraints on intracellular communi-
cation, Annu. Rev. Biophys. Biomol. Struct. 27 (1998) 59–75.
[19] T. Hunter, Signaling—2000 and beyond, Cell 100 (2000) 13–127.
[20] M.N. Teruel, T. Meyer, Translocation and reversible localization of signaling pro-
teins: a dynamic future for signal transduction, Cell 103 (2000) 181–184.
[21] T. Tian, A. Harding, K. Inder, S. Plowman, R.G. Parton, J.F. Hancock, Plasma mem-
brane nanoswitches generate high-ﬁdelity ras signal transduction, Nat. Cell Biol. 9
(2007) 905–914.
[22] G. Zhang, M.G. Kazanietz, P.M. Blumberg, J.H. Hurley, Crystal structure of the cys2
activator-binding domain of protein kinase C delta in complex with phorbol ester,
Cell 81 (1995) 917–924.
[23] R. Xu, T. Pawelczyk, T.H. Xia, S.C. Brown, NMR structure of a protein kinase C-
gamma phorbol-binding domain and study of protein–lipid micelles interactions,
Biochemistry 36 (1997) 10709–10717.
[24] S. Misra, J.H. Hurley, Crystal structure of a phosphatidylinositol 3-phosphate-
speciﬁc membrane-targeting motif, the FYVE domain of Vps27p, Cell 97 (1999)
657–666.
[25] T.G. Kutateladze, M. Overduin, Structural mechanism of endosome docking by the
FYVE domain, Science 291 (2001) 1793–1796.
[26] T.G. Kutateladze, D.G. Capelluto, C.G. Ferhuson, M.L. Cheever, Multivalent mecha-
nism of membrane insertion by the FYVE domain, J. Biol. Chem. 279 (2004)
3050–3057.
[27] M.L. Cheever, T.K. Sato, T. de Beer, T.G. Kutateladze, S.D. Emr, M. Overduin, Phox
domain interaction with PtdIns(3)P targets the Vam7 t-SNARE to vacuole
membranes, Nat. Cell Biol. 3 (2001) 613–618.
[28] F. Kanai, H. Liu, S.J. Field, H. Akbary, T. Matsuo, G.E. Brown, L.C. Cantley, M.B. Yaffe,
The PX domains of p47phox and p40phox bind to lipid products of PI(3)K, Nat.
Cell Biol. 3 (2001) 675–678.
[29] D. Karathanassis, R.V. Stahelin, J. Bravo, O. Perisic, C.M. Pacold, W. Cho, R.L. Williams,
Binding of the PX domain of p47(phox) to phosphatidylinositol 3,4-bisphosphate
and phosphatidic acid is masked by an intramolecular interaction, EMBO J. 21
(2002) 5057–5068.
[30] M.G. Ford, B.M. Pearse, M.K. Higgins, Y. Vallis, D.J. Owen, A. Gibson, C.R. Hopkins,
P.R. Evans, H.T. McMahon, Simultaneous binding of PtdIns(4,5)P2 and clathrin by
AP180 in the nucleation of clathrin lattices on membranes, Science 291 (2001)
1051–1055.
[31] M.G. Ford, I.G. Mills, B.J. Peter, Y. Vallis, G.J. Praefcke, P.R. Evans, H.T. McMahon
Curvature, Curvature of clathrin-coated pits driven by epsin, Nature 419 (2002)
361–366.
[32] T. Itoh, S. Koshiba, T. Kigawa, A. Kikuchi, S. Yokoyama, T. Takenawa, Role of the
ENTH domain in phosphatidylinositol-4,5-bisphosphate binding and endocytosis,
Science 291 (2001) 1047–1051.
[33] R.A. Hom, M. Vora, M. Regner, O.S. Subach, W. Cho, V.V. Verkhusha, R.V. Stahelin,
T.G. Kutateladze, pH-dependent binding of the Epsin ENTH domain and the
AP180 ANTH domain to PI(4,5)P2-containing bilayers, J. Mol. Biol. 373 (2007)
412–423.
[34] D. Fushman, S. Cahill, M.A. Lemmon, J. Schlessinger, D. Cowburn, Solution struc-
ture of pleckstrin homology domain of dynamin by heteronuclear NMR spectros-
copy, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 816–820.
[35] P. Di-Lello, B.D. Nguyen, T.N. Jones, K. Potempa, M.S. Kobor, P. Legault, J.G.
Omichinski, NMR structure of the amino-terminal domain from the Tfb1 subunit
of TFIIH and characterization of its phosphoinositide and VP16 binding sites,
Biochemistry 44 (2005) 7678–7686.
[36] J. Yan, W. Wen, L.N. Chan, M. Zhang, Split pleckstrin homology domain-mediated
cytoplasmic-nuclear localization of PI3-kinase enhancer GTPase, J. Mol. Biol. 378
(2008) 425–435.
[37] K. Salim, M.J. Bottomley, E. Querfurth, M.J. Zvelebil, I. Gout, R. Scaife, R.L. Margolis,
R. Gigg, C.I. Smith, P.C. Driscoll, M.D. Waterﬁeld, G. Panayotou, Distinct speciﬁcity
in the recognition of phosphoinositides by the pleckstrin homology domains of
dynamin and Bruton's tyrosine kinase, EMBO J. 22 (1996) 6241–6250.
[38] M.R. Gryk, R. Abseher, B. Simon, M. Nilges, H. Oschkinat, Heteronuclear relaxation
study of the PH domain of beta-spectrin: restriction of loop motions upon binding
inositol trisphosphate, J. Mol. Biol. 280 (1998) 879–896.
[39] J. Ubach, J. García, M.P. Nittler, C. Südhof, J. Rizo, Structure of the Janus-faced C2B
domain of rabphilin, Nat. Cell Biol. 2 (1999) 106–112.
[40] H.L. Yin, P.A. Janmey, Phosphoinositide regulation of the actin cytoskeleton, Annu.
Rev. Physiol. 65 (2003) 761–789.
[41] H.G. Dohlman, J.W. Thorner, Regulation of G protein-initiated signal transduction
in yeast: paradigms and principles, Annu. Rev. Biochem. 70 (2001) 703–754.
[42] E.A. Elion, The Ste5p scaffold, J. Cell Sci. 114 (2001) 3967–3978.
[43] R.P. Bhattacharyya, A. Reményi, B.J. Yeh, W.A. Lim, Domains, motifs, and scaffolds:
the role of modular interactions in the evolution and wiring of cell signaling cir-
cuits, Annu. Rev. Biochem. 75 (2006) 655–680.
[44] D.K. Morrison, R.J. Davis, Regulation of MAP kinase signaling modules by scaffold
proteins in mammals, Annu. Rev. Cell Dev. Biol. 19 (2003) 91–118.
[45] P.M. Pryciak, F.A. Huntress, Membrane recruitment of the kinase cascade scaffold
protein Ste5 by the Gβγ complex underlies activation of the yeast pheromone re-
sponse pathway, Genes Dev. 12 (1998) 2684–2697.
[46] F. van Drogen, V.M. Stucke, G. Jorritsma, M. Peter, MAP kinase dynamics in re-
sponse to pheromones in budding yeast, Nat. Cell Biol. 3 (2001) 1051–1059.
[47] M.J. Winters, R.E. Lamson, H. Nakanishi, A.M. Neiman, P.M. Pryciak, A mem-
brane binding domain in the ste5 scaffold synergizes with Gβγ binding to
1260 A. Bhunia et al. / Biochimica et Biophysica Acta 1818 (2012) 1250–1260control localization and signaling in pheromone response, Mol. Cell 20 (2005)
21–32.
[48] S.K. Mahanty, Y. Wang, F.W. Farley, E.A. Elion, Nuclear shuttling of yeast scaffold
Ste5 is required for its recruitment to the plasma membrane and activation of the
mating MAPK cascade, Cell 98 (1999) 501–512.
[49] A.T. Brünger, P.D. Adams, G.M. Clore, W.L. DeLano, P. Gros, R.W. Grosse-Kunstleve,
J.S. Jiang, J. Kuszewski, M. Nilges, N.S. Pannu, R.J. Read, L.M. Rice, T. Simonson, G.L.
Warren, Crystallography & NMR system: a new software suite for macromolecular
structure determination, Acta Crystallogr. D 54 (1998) 905–921.
[50] M.V. Berjanskii, S. Neal, D.S. Wishart, PREDITOR: a web server for predicting pro-
tein torsion angle restraints, Nucleic Acids Res. 34 (Web Server issue) (2006)
W63–W69.
[51] A. Bhunia, P.N. Domadia, H. Mohanram, S. Bhattacharjya, NMR structural studies
of the Ste11 SAM domain in the dodecyl phosphocholine micelles, Proteins 74
(2009) 328–343.
[52] L.S. Garrenton, S.L. Young, J. Thorner, Function of the MAPK scaffold protein, Ste5,
requires a cryptic PH domain, Genes Dev. 20 (2006) 1946–1958.
[53] K. Wüthrich, NMR of Proteins and Nucleic Acids, John Wiley & Sons, Inc., 1986
[54] D.S. Wishart, C.G. Bigam, A. Holm, R.S. Hodges, B.D. Sykes, 1H, 13C and 15N random
coil NMR chemical shifts of the common amino acids. I. Investigations of nearest-
neighbor effects, J. Biomol. NMR 5 (1995) 67–81.
[55] H. Van-den-Hooven, C. Spronk, M. Van-de-Kamp, R. Konings, C.W. Hilbers, F.
Van-de-ven, Surface location and orientation of lantibiotic nisin bound tomembrane-mimicking micelles of dodecylphosphocholine and of sodium dode-
cylsulphate, Eur. J. Biochem. 235 (1996) 394–403.
[56] C. Hilty, G. Wider, C. Fernandez, K. Wüthrich, Membrane protein–lipid interac-
tions in mixed micelles studied by NMR spectroscopy with the use of paramag-
netic reagents, Chembiochem 5 (2004) 467–473.
[57] R.P. Bhattacharyya, A. Reményi, M.C. Good, C.J. Bashor, A.M. Falick, W.A. Lim The,
Ste5 scaffold allosterically modulates signaling output of the yeast mating path-
way, Science 311 (2006) 822–886.
[58] M. Good, G. Tang, J. Singleton, A. Reményi, W.A. Lim, The Ste5 scaffold directs
mating signaling by catalytically unlocking the Fus3 MAP kinase for activation,
Cell 136 (2009) 1085–1097.
[59] T. Wieprecht, O. Apostolov, M. Beyermann, J. Seelig, Thermodynamics of the
alpha-helix-coil transition of amphipathic peptides in a membrane environment:
implications for the peptide-membrane binding equilibrium, J. Mol. Biol. 294
(1999) 785–794.
[60] V. VAndrushchenko, M.H. Aarabi, L.T. Nguyen, E.J. Prenner, H.J. Vogel, Thermody-
namics of the interactions of tryptophan-rich cathelicidin antimicrobial peptides
with model and natural membranes, Biochim. Biophys. Acta 1778 (2008)
1004–1014.
[61] R.M. Epand, H.J. Vogel, Diversity of antimicrobial peptides and their mechanisms
of action, Biochim. Biophys. Acta 1462 (1999) 11–28.
[62] A. Arora, L.K. Tamm, Biophysical approaches to membrane protein structure
determination, Curr. Opin. Struct. Biol. 11 (2001) 540–547.
